A reinforced concrete (RC) slab of a bridge is sometimes strengthened by attaching a steel plate on the bottom of the slab to enhance the exural capacity. In this case, epoxy is injected between steel plate and concrete as the adhesive, together with anchor bolts. However, the reinforcement approach has a problem of water invasion into the top surface of a steel plate through an additionally damaged concrete slab, which will lead to a serious corrosion problem of a steel plate. Hence it is of great importance to detect the existence of water layer in the steel-epoxy-concrete layered medium and acquire information on thickness and distribution area of water. In this study, an ultrasonic multi-re ection approach through oblique incidence is developed for thin liquid layer detection. Firstly, re ection and transmission coef cients of multi-layered media including a liquid layer are calculated theoretically. Experiments on multi-layered con gurations are conducted with different water layer thicknesses and bottom layer materials. By analyzing the experimental results, the existence of water layer can be clearly distinguished. Through comparison with the theoretical wave travelling time in the water layer, the thickness of the water layer can be estimated from the time interval of re ected wave groups. Different materials as a bottom layer can also affect the re ection notably, which shows good agreement with the calculated water-solid re ection coef cients.
Introduction
During the service life of reinforced concrete (RC) slabs of a bridge, damages and deteriorations can be caused due to overload, aging, and corrosion. One of reinforcement approaches is to add steel plates on the bottom of a RC slab to enhance the exural capacity [1] [2] [3] . To make steel and concrete function collaborative enough, epoxy is sometimes injected as an adhesive into the interface between steel plate and concrete [4] [5] [6] [7] . When the RC slab is further damaged, however, the reinforcement method may meet the problem of water penetration, which will cause the debonding between steel and epoxy, and serious corrosion problems due to long water-stay at the interface 8, 9) . Hence, it is important to detect the existence of water layer in the steel-concrete or steel-epoxy-concrete layered medium. Once the debonding starts, it will spread horizontally and enlarge vertical discontinuity between steel and concrete/epoxy. Then after the vertical deection of a steel plate increases gradually, a catastrophic failure of RC slabs may happen at the nal stage. Therefore, knowing the water layer thickness can help us to assess the severity of the debonding. Ultrasonic Testing (UT) is recently used to evaluate aws in layered media 10, 11) . It has also been applied for the detection of water layer in a multi-layered medium in relatively low frequency range 8, 9) . However, the Fourier analysis of the waveforms in low frequency has not succeeded in detecting the water layer 12) . In high frequency range, on the other hand, received waveforms become relatively simple due to the isolation of each waveform. It is expected that the existence of water layer may be detected from the analysis of re ected waves in layered media. In general, the conventional pulse echo technique with normal incidence is considered to be effective to measure the thickness of layered media. For a layered medium consisting of steal-water-epoxy, however, the conventional technique can hardly work. Figure 1 shows an example of a normal incident pulse echo test on a steel-water-epoxy con guration. The thicknesses of the steel plate and epoxy are 6 mm and 5 mm, respectively, and the water layer thickness is set as 10 mm or 2 mm. A 5 MHz normal type transducer is used. As shown in Fig. 1 , the received waveforms are almost identical, no matter how thick the water layer is. Therefore, we cannot obtain any information of water layer by using the conventional method. This is because the acoustic impedances of longitudinal waves in water and epoxy are very similar and there is a big difference in acoustic impedances between water and steel as shown in Table 1 , where the acoustic impedance is de ned by the product of the longitudinal wave velocity C L and the density ρ. Therefore, the normal incident wave cannot effectively be re ected by water-epoxy interface and be transmitted back into the steel plate.
Compared to the normal incidence, the oblique incidence 13) has better re ection and transmission properties on solid-liquid and liquid-solid interfaces. The re ection and refraction of an obliquely incident wave on the interface between two different media has been investigated by [14] [15] [16] , where solid-solid, solid-liquid, and liquid-solid boundary conditions were considered and re ection factor equations were derived. Thus, re ection and transmission coef cients can be theoretically calculated, with which the properties of interfaces between different layers can be evaluated. The re ection and refraction angles and wave travelling route in a multi-layered medium can be determined by Snell s law 13) . Therefore, we can plot the travelling routes of obliquely incident ultrasonic waves as well as energy distribution and penetration in the multi-layered medium containing a liquid layer. The method based on multi-re ection of shear waves has been applied to the detection of the thickness loss of a solid layer by Volker and Zon 17) , and Burch and Collett 18) . However, the multi-reection method has not yet been applied to the evaluation of multi-layered media.
In this study, a novel detection method based on multi-re-ections of oblique incident ultrasonic waves in high frequency range (around 5 MHz) is developed for the detection and evaluation of a water layer in a multi-layered medium. Experiments are conducted for multi-layered con gurations with different water layer thicknesses (from 1 mm to 10 mm). From experimental results, not only the water layer s existence can be clearly distinguished, but also the water layer s thickness can be estimated by comparing the measured time interval of re ected wave groups from received signals with the theoretical wave travelling time in the water layer. In the experiments, we also substitute different materials of steel, concrete, and epoxy as a bottom layer. It will be shown that different materials used as a bottom layer can affect the multi-re ection effect notably and the corresponding received waveforms can be well explained by the calculated re ection coef cients on water-solid interface.
Re ection and Transmission Coef cients
Steel plates sometimes show anisotropic properties, which, however, are not so strong that the re ection and transmission properties in layered media will not be affected very much due to the anisotropy. In addition, concrete has no anisotropy, if reinforced steel bars are not taken into account. In the following deductions, therefore, all materials considered in the present study are treated as isotropic ones.
For a perfectly bonded isotropic solid-solid interface, one can list four boundary condition equations to be satis ed by the continuity of particle velocity and stress 10, 13) . Finally, for the layered medium as shown in Fig. 2 , we can deduce the re ection coef cient equations for the incidence of transverse or longitudinal wave as:
where the superscript or subscript n and n + 1 are the number of layer, and M n is a 4 × 4 matrix: In eq.
(1), a n T and a n L are 4 × 1 matrices given by
and a
where We call the quotients of R n pq /A n ip as re ection coef cients, Table 1 Material constants of the multi-layered medium. and the quotients of D n pq /A n ip as transmission coef cients. For a solid-liquid or a liquid-solid interface, similar equations can be derived. The only difference is the absence of transverse waves in the liquid, which leads to zero shear stress and the continuity of stress and particle velocity in the normal direction on the interface 10) . Figure 2 presents the re ection and transmission of an obliquely incident longitudinal wave in a three layered medium. The re ection and transmission angles at each interface in the multi-layered medium including a water layer can be calculated according to Snell s law. In the following graphs, the incident angle α 0 L of the longitudinal wave in the angle-adjustable wedge made of plexiglass is taken as a variable of all the coef cient curves, for it is the only controllable angle in the experiment.
Figures 3 (a) and (b) show the re ection and transmission coef cients for the steel-water interface (Interface 1 in Fig. 2 ), subjected to longitudinal and transverse waves in a steel plate, respectively, as a function of the incident angle α 0 L . The material constants of each layer are listed in Table 1 . Now, we focus on the transmission coef cients of
iT , since we are interested in how much energy can be transmitted through the steel-water interface into the water layer, which is directly related to the effect of the multi-re ection in water. In Fig. 3 , we can nd two critical angles of α c1 = 27.2 and α c2 = 58.6 . When the incident angle α 0 L > α c1 , then no propagating longitudinal wave exists in the steel plate due to the total refraction of a longitudinal wave at Interface 0. It is also noted that the re ected longitudinal wave of R Figure 4 shows the re ection and transmission coef cients on the water-solid interface (Interface 2 in Fig. 2 ). The material of the bottom layer solid has three options: (a) steel, (b) concrete, and (c) epoxy. As to the steel plate strengthen method for RC structure, the water (rain water or moisture) can penetrate into the gap between steel and concrete, if epoxy is not used as an adhesive; or it can penetrate into the debonding interface between steel and epoxy when epoxy is used as an adhesive. Therefore, we need to consider the coef cients for re ection and transmission in these two cases. The con guration of steel-water-steel is just set here for the comparison with the previous two cases.
In Fig. 4 (a), we can see that for a water-steel interface, the re ection coef cient R are very small. This means that once an ultrasonic wave is transmitted into a thin water layer between double steel plates, almost all energy of the wave is re ected back by steel plates and trapped as longitudinal waves in water, with few energy penetrating into the bottom steel plate. In the case of a water-concrete interface, the re ection coef cient is still much larger than transmission coef cients as seen in Fig. 4  (b) , but compared to the water-steel case, more energy is transmitted into the bottom concrete. In the case of the water-epoxy interface, on the other hand, the amplitude of re-
iL , which means more energy is absorbed by epoxy layer instead of being re ected.
The calculated re ection and transmission coef cients for various material combinations can be used to estimate the effect of multi-re ection approach which will be introduced in the following section, and many phenomena occurred in the experiment can be explained by those coef cients. 
Multi-Re ection Approach
When an incident wave is obliquely generated, some energy will penetrate as a longitudinal wave into the liquid layer after re ection and transmission on a solid-liquid interface. When the thickness of the liquid layer is thin, the longitudinal wave can be re ected and refracted several times in the liquid layer between two solid layers, as shown in Fig. 5 . For simplicity, we consider the case of α c1 < α 0 L < α c2 , for which only transverse waves can propagate in Solid 1 layer as discussed in the previous section. In Fig. 5 , different line-types are employed to stand for re ected waves with different re ection cycles in the liquid layer. The solid-line denotes the wave reected only in the Solid 1 without any propagation in the liquid. This wave group propagating along this solid-line route will rstly arrive at the receiver, and it is called rst arrival wave group . The other three line-types represent the wave propagation routes with single, twice and triple re ections in the liquid layer, respectively. The total re ection times from the bottom interface depend on the re ection and transmission coef cients of different interfaces, and the distance between the transmitter and the receiver. Theoretically a longer distance can cause more re ected wave groups captured by the receiver, but the decay of signal will also become notable after a long way of propagation. Generally, from the second re ection, the amplitudes of those re ected waves decrease distinctly, which will be shown in the later experiment part. It is noted that any down-going wave on Solid 1-Liquid interface inside the plate will generate a new transmitted wave into the liquid, but for simplicity, those transmitted waves are not shown in Fig. 5 except the rst one.
Since the velocity of longitudinal wave in liquid is normally much smaller than the transverse wave velocity in solid, the wave groups transmitted back into the solid plate after multiple re ections in the liquid layer will be received sequentially behind the rst arrival wave group (solid-line route in Fig. 5 ) with a certain time interval. This time interval is related with the travel time of the longitudinal wave in the liquid layer, namely, the propagation length in liquid, which depends on the thickness of the liquid layer. Hence, if there is a liquid layer under the solid plate, the receiver can capture those wave groups as shown in Fig. 6 , where the wave groups are apart from each other with an almost constant time interval, representing each group s travel time in the liquid layer. Therefore, this phenomenon of multi-re ection can be used to detect the existence of water layer beneath a solid layer, judging by the received wave forms.
In Fig. 7 , the calculation method of the theoretical time interval between two adjacent wave groups is presented. Assuming the incident angle of α c1 < α 0 L < α c2 , where no propagating longitudinal wave exists in the steel plate as mentioned in the previous section, we only consider a transverse wave in the solid plate. As shown in Fig. 7 , a transverse wave reaches at point O on the Solid 1-Liquid interface, and is separated into the re ected wave in Solid 1 with the velocity c T1 and the transmitted wave in the liquid with the velocity c w . After the one-cycle travel time of the longitudinal wave in the liquid layer, the wave in the liquid reaches the Liquid-Solid 1 interface again at the point B, and the transverse wave in Solid 1 reaches the point A far ahead due to the faster velocity in Solid 1. Their horizontal distance is marked as Δd in Fig. 7 , de ned by
where h is the liquid layer thickness, and α and β are the reection angle in Solid 1 and refraction angle in Liquid, respectively, which can be both determined by incident angle α 0 L through Snell s law. The longitudinal wave in the liquid can transmit into Solid 1 again after point B as transverse wave with the velocity c T1 . Hence, the theoretical time interval of these two wave groups (dashed and solid line) is:
where Δl is the distance between A and B in the propagation direction of transverse wave in Solid 1, namely,
If we can measure the time interval Δt exp of wave groups from the experiment, then we can estimate the liquid layer thickness from eqs. (4)-(6) by:
From eq. (7), we can see that for a certain incident angle, the estimated liquid layer thickness is only proportional to the experimental time interval, Δt exp . Hence, the measurement of Δt exp is signi cant for the estimation of a liquid layer thickness.
Ultrasonic Test
In order to experimentally verify the multi-re ection approach to detect the existence of the water layer and estimate its thickness, a specimen of steel-water-bottom solid con guration with variable water thickness is prepared as shown in Fig. 8 , where a bottom solid is concrete, steel or epoxy. The thickness of the top steel plate is 6 mm and the thickness of the water layer is adjusted by changing the height of the support. Two identical transducers with variable angle are positioned with the distance D = 10 cm, one as a transmitter and another one as a receiver. In each test, the same angle is set for both transducers. Glycerine is pasted as a couplant between the wedge and steel plate. Meanwhile, for comparison, the same tests are also conducted for perfectly bonded specimens of steel-concrete and steel-epoxy-concrete con gurations.
In practical, the water layer thickness may not be constant due to several factors. In real structures, however, a debonding area is much larger than that we made in the specimen. We can treat the distance of 10 cm between the transducer pair as a local spot on the relative large debonding area. In this paper, therefore, a constant water layer thickness is set in both theory and experiment. Also, assuming that the surfaces and interfaces are relative smooth, the effect of surface roughness due to corrosion is not considered here.
Although re ection and transmission coef cients are not a function of frequency or wavenumber as seen in eqs. (1)- (3), the frequency of the incident wave has signi cant effect on the practical usage of the multi-re ection approach. In a relatively low frequency range (<1 MHz), the width of a wave signal becomes wide, and several wave groups with different propagation routes are overlapped within the received waves, which makes it dif cult to measure the arrival time of each wave group. Hence, a relatively high frequency is recommended for the measurement. In the experiment, a square impulse wave of 5 MHz is used to excite an angle beam transducer with the central frequency of 5 MHz. Figure 9 shows the received waveforms for layered media with and without a water layer. In Fig. 9 , the upper gures show the waveforms obtained for the perfectly bonded specimens of steel-concrete ( Fig. 9(a) ) and steel-epoxy-concrete ( Fig. 9(b) ), while the lower ones are the waveforms obtained for the corresponding con gurations with a water layer. The thickness of the water layer is 10 mm, the distance between two transducers is 10 cm and the incident angle is 35 .
Experimental Results and Discussion
In Fig. 9 and subsequent gures, it is seen that the waves are received as the form of wave group, among which the cases of with water layer contain multiple wave groups, as explained in Fig. 6 . At the meantime, each group consists of several wavelets. The reason of the generation of wavelets in a group is as follows. When wave propagates in the steel plate, it can be re ected many times on the top and bottom surfaces of the plate. Within the nite contact area of the receiver s wedge with the steel plate, there are several re ection points, from which refracted waves are transmitted into the wedge 19) . So several wavelets are observed in a wave group. A smaller incident angle can bring more re ection points within the nite contact area, and thus more wavelets can be seen in each group, as shown in Fig. 10 . From Fig. 9 , we can see that the waveforms for the layered medium without a water layer are almost identical with the 1 st wave group of waveforms for the medium with a water layer, which reveals that the propagation of the 1st wave group is little in uenced by the water layer beneath. On the other hand, the subsequent wave groups re ected from the water layer, which differ entirely from the waveforms for the medium without a water layer, can be used to know the existence of a water layer effectively. Also we can nd that the waveforms for the con gurations of steel-water-epoxy (Fig. 9(b) ) and steel-water-concrete ( Fig. 9 (a) ) show different behaviors on the attenuation of re ected wave groups. In the case of steel-water-epoxy, the amplitudes of re ected wave groups after the rst one decrease fast, because of the relatively low re ection coef cient on the water-epoxy interface as shown in Fig. 4 (c) .
Then, we discuss the characteristics of waveforms with different incident angles. To distinctly demonstrate the effect of the incident angle, here, we use a layered model of steel-water-steel, for which multi-re ection effect can be seen clearly as a reference to the layered media of steel-water-concrete and steel-water-epoxy. Figure 10 shows the received signals with different incident angles α 0 L = 10 to 60 . The water layer thickness is 10 mm and the distance between two transducers is 10 cm. For the cases of α 0 L = 10 and 20 , where the incident angle is smaller than the critical angle α c1 , both longitudinal and transverse components exist as body waves in the top steel plate, as seen in Fig. 3 . Multi-re ected waves from the water layer can also be refracted into the top steel plate as longitudinal and transverse waves. Therefore, the waveforms are very complicated as shown in Figs. 10 (a) and (b) . Thus for the case of α 0 L < α c1 , re ected wave groups are not clearly demarcated and the time intervals between two adjacent wave groups are hard to be measured. For α c1 < α 0 L < α c2 , on the other hand, only transverse waves can propagate in the steel plate. As seen in Figs. 10(c)-(e) , therefore, the received waveforms are much simple, and the rst arrival wave group and the following re ected wave groups are clearly separated, especially for the cases of α 0 L = 40 , and 50 . Thus, it is not dif cult to measure the time intervals between wave groups. When the incident angle is close to the critical angle α c2 , say, α 0 L = 50 , the re ected wave groups show fast decay in amplitude, because of sudden drop of the value of D 2 T L near α c2 as shown in Fig. 3 (b) . For the case of α c2 < α 0 L , both longitudinal and transverse waves cannot propagate in the steel plate and the received wave is only a surface wave propagating along the surface. In the case of α 0 L = 60 , therefore, received waves show small amplitudes. From the above discussion on the results shown in Fig. 10 , it is concluded that the best incident angle range for the multi-re ection approach is from 30 to 50 .
Next we investigate the effect of the water layer s thickness and a bottom material on received waves. Three different materials of steel, concrete and epoxy are used as a bottom layer.
Gray lines in Fig. 11 shows waveforms for steel-watersteel con guration when the water layer thickness is (a) 10 mm, (b) 4 mm, (c) 2 mm, and (d) 1 mm. For comparison, the waveforms obtained for a steel plate only are also depicted in black lines in the same gure. The distance between two transducers is 10 cm and the incident angle is 35 . In all cases, the re ected wave groups for the cases with water (gray line) are clearly seen and distinguishable from no water cases (black line). For the water layer thickness of 10 mm (Fig. 11  (a) ), the re ected wave groups are apart each other with the large time interval (Δt), which can be measured easily by nding the corresponding peaks between two adjacent wave groups. As the water layer thickness becomes thin, the re ected wave groups are compressed with shorter time intervals as seen in Figs. 11 (b)-(d) . For the cases with very thin water layer thicknesses of 2 mm (Fig. 11 (c) ) and 1 mm (Fig. 11 (d)), the rst arrival wave group and the rst re ected wave group are so close and partially mixed with each other. This is because the water layer is so thin that the travel time of waves in water is too short to separate the rst arrival and re ected wave groups apart. Thus, in principle, the multi-re ection approach utilizes the waveforms obtained only for the con guration with water, in which the re ected wave groups are separately seen from the rst arrival wave group. For a case with thin water layer thickness (e.g. 2 mm and 1 mm), however, it may be dif cult to separate the re ected wave groups from the rst arrival wave group. In such a case, we recommend that the waveform for the case with no water layer is used as a reference to identify which wave packet belongs to which wave group. Figure 12 shows waveforms on steel-water-concrete conguration when the water layer thickness is (a) 10 mm, (b) 4 mm, (c) 2 mm, and (d) 1 mm. The distance between two transducers is 10 cm and the incident angle is 35 . In all these cases, the differences between waveforms with and without water cases are signi cant. The multi-re ection effect is clear for the time interval measurement between wave groups. The only difference between steel-water-steel case and steel-water-concrete case is the decay rate of the amplitude of re ected wave groups, especially when the water layer thickness is relatively small as 2 mm (Fig. 12 (c) ) and 1 mm (Fig. 12 (d) ). In Fig. 12 (c) , only one re ected wave group can be distinguished when the bottom layer is concrete, while in Fig. 11 (c), several re ected wave groups can be received. In another word, when the water layer thickness is very thin, the re ection effect in steel-water-concrete con guration is weaker than in steel-water-steel one. These phenomena can be explained by taking account of the re ection coef cients for different bottom materials shown in Fig. 4 . Figure 13 presents waveforms obtained for the steel-water-epoxy con guration. When the thickness of water is relatively large such as 10 mm (Fig. 13 (a) ) and 4 mm (Fig. 13  (b) ), the re ected wave groups are remarkably separated. When the thickness of water becomes small as 2 mm (Fig. 13  (c) ), however, the amplitudes of the re ected wave groups decrease. This is because that the re ection coef cient on water-epoxy interface is relatively small compared with the oth- er two cases as shown in Fig. 4 (c) . For very thin water layer, e.g. h = 1 mm and D = 10 cm in Fig. 13 (d) , it is dif cult to measure the time interval. In that case, employing a larger distance between transducers can help to obtain clearer reected wave groups as shown in Fig. 13 (e) , where D = 20 cm. From the waveforms of these three con gurations, we found that no matter how thick the water layer is, the 1 st reected wave group often shows relatively large amplitudes, corresponding to the distinct peaks with the rst arrival wave group, which are very useful for time interval measurement. The following estimation of water layer thickness generally relies on the measurement of the 1 st re ected wave groups.
Water Layer Thickness Estimation
From received waveforms of multi-layered media with a water layer, the time intervals of re ected wave groups can be measured. Then according to eq. (7), the thickness of water layer in the multi-layered media can be estimated applying different incident angles. Figure 14 shows the estimated water layer thicknesses h est and the corresponding errors of different con gurations (steel-water-steel; steel-water-concrete; steel-water-epoxy).
Incident angles from 30 to 50 are employed. In all the cases of water layer thicknesses of 10 mm (Fig. 14 (a) ), 4 mm ( Fig. 14 (b) ), 2 mm (Fig. 14 (c) ), and 1 mm (Fig. 14 (d) ), estimation errors ((h est − h real )/h real ), where h real is the real value of water thickness, are almost less than 10%, which are acceptable in engineering concern. When the water layer thickness is relatively large, e.g. 10 mm for any layer con gurations and incident angles, the errors are stable. For relatively thin thicknesses (4 mm, 2 mm, and 1 mm), errors are much in uenced by incident angles. One reason of the error is the contact area of the receiver, which is not a single point as in theoretical consideration. Because of the noticeable bottom size of the transducers compared to the wave propagation distance between them, those wave groups are not received by a transducer at the same point, which may cause error in measured time interval. The measurement error can also be from the complicated waveform of the wave groups, each containing several wavelets, caused by the multiple re ections and transmissions on receiver s wedge-plate contact area. The other factor for the error is the positioning of the receiver. When the top steel plate is thick (6 mm in this study), the horizontal distance of one re ection cycle in the steel plate (see Fig. 7 ) becomes large. It is, therefore, important to set the receiver correctly to catch the obliquely propagated wave properly.
Conclusions
In this paper, it was shown that the multi-re ection method was very sensitive and effective to detect the existence of a water layer in a multi-layered medium. Also the theory of re ection and transmission of oblique incidence in multi-layered media with a liquid layer was helpful to explain many phenomena in the experiment, including the effects of incident angles, different bottom layer materials, and time interval of re ected wave groups. The thickness of a water layer could be estimated from a measured time interval of re ected waves in a water layer. It was found that the accuracy of the estimated water thickness was acceptable for engineering concern, and an optimal incident angle range was found to minimize estimation errors.
The proposed approach based on multi-re ection can be easily applied to the practical detection of water penetration in steel plate strengthened RC structures. By moving the transducers in different positions, the area of penetrated water layer will also be able to be discovered.
